Objective: To evaluate the performance of a continuous quality improvement collaboration at Ridge Regional Hospital, Accra, Ghana, that aimed to halve maternal and neonatal deaths. Methods: In a quasi-experimental, pre-and post-intervention analysis, system deficiencies were analyzed and 97 improvement activities were implemented from January 2007 to December 2011. Data were collected on outcomes and implementation rates of improvement activities. Severity-adjustment models were used to calculate counterfactual mortality ratios. Regression analysis was used to determine the association between improvement activities, staffing, and maternal mortality. Results: Maternal mortality decreased by 22.4% between 2007 and 2011, from 496 to 385 per 100 000 deliveries, despite a 50% increase in deliveries and five-and three-fold increases in the proportion of pregnancies complicated by obstetric hemorrhage and hypertensive disorders of pregnancy, respectively. Case fatality rates for obstetric hemorrhage and hypertensive disorders of pregnancy decreased from 14.8% to 1.6% and 3.1% to 1.1%, respectively. The mean implementation score was 68% for the 97 improvement processes. Overall, 43 maternal deaths were prevented by the intervention; however, risk severity-adjustment models indicated that an even greater number of deaths was averted. Mortality reduction was correlated with 26 continuous quality improvement activities, and with the number of anesthesia nurses and labor midwives. Conclusion: The implementation of quality improvement activities was closely correlated with improved maternal mortality.
Introduction
As 2015 concluded, low-income countries were still working to achieve their Millennium Development Goal targets. Nevertheless, Millennium Development Goal 5, which aimed to reduce maternal mortality by 75% between 1990 and 2015, was difficult to attain for reasons including poor access to quality care [1] [2] [3] . In 2007, the WHO Framework for Action [4] identified "quality of health services" as important in improving health outcomes. Some countries have succeeded in reducing maternal mortality, citing strengthened clinical and organizational management, as well as quality improvement mechanisms as contributing factors [5] .
Continuous quality improvement (CQI) programs are being increasingly implemented worldwide, with variable effectiveness [6] [7] [8] [9] . Primary outcomes can be used to measure health interventions, but outcomes alone do not define quality care. Process indicators may demonstrate that quality improvement precedes change in outcome, but the lack of standardized measurement criteria has limited the ability to assess process methods [10] . The strength of the association between the process indicator and the outcome of interest must be examined when process indicators are being used to measure healthcare delivery.
Kybele, Inc. and the Ghana Health Service began a 5-year collaboration in 2007 at Ridge Regional Hospital (RRH), Accra, to reduce the number of maternal and neonatal deaths by half. Kybele is a nonprofit humanitarian organization that promotes safe childbirth through innovative partnerships (http://www.kybeleworldwide.org). RRH is the largest obstetric referral center within the Ghana Health Service, with a 90-bed maternity unit providing comprehensive care. The role of referral hospitals is to manage complicated pregnancies. As such, approximately 70% of deliveries at RRH are high-risk prenatal or peripartum referrals. Thus, the extent to which these institutions are supported and developed to manage complex cases will affect the national effort of reducing maternal mortality.
The present study evaluated the performance of the collaboration at RRH by analyzing maternal mortality and the statistical correlation between implementation of CQI activities, staffing, and clinical outcomes. A conceptual framework for the design, implementation, and evaluation of a CQI program aimed at reducing maternal mortality in referral centers in low-resource settings is proposed.
Materials and methods
A full description of the methods used in the present study has been previously published [7] . The collaboration was led by Ghanaian clinicians and supported by triannual visits from healthcare professionals from the USA, Canada, and the UK to provide coaching and direction. Patient care processes were analyzed consecutively by joint RRH-Kybele teams using immersive, interactive, and consultative methods. The initial evaluation revealed numerous systems-level challenges, including poor staff communication, late referrals of high-risk patients, infrequent maternal assessment, limited neonatal resuscitation, few standardized protocols, poorly maintained equipment, treatment delay, and minimal blood product availability. Solutions were proposed by the multidisciplinary team and incorporated into a strategic template or "process map." For each deficiency, assessment metrics and an implementation and advocacy plan were determined and traceable outputs and outcomes were established. The process evolved into an institutional Framework of Change Model for reducing perinatal mortality as previously described [7] .
The present evaluation represents a quasi-experimental pre-and post-intervention analysis. The Ghana Health Service directorate granted permission for assessment of interventions conducted during the project. Because no patient-level data were collected, informed consent was not required. Data collection was initially based on manual abstraction from "admission and discharge" and "delivery" ledgers. In 2009, an electronic database was established to support and validate manual abstraction. Data on obstetric outcomes included total deliveries, maternal deaths, and the caseload of obstetric hemorrhage (OH) and hypertensive disorders of pregnancy (HDoP).
HDoP was defined as pregnancy-induced hypertension (≥ 140/ 90 mm Hg after 20 weeks of pregnancy without proteinuria), preeclampsia (hypertension ≥140/90 mm Hg after 20 weeks of pregnancy with proteinuria ≥ 1 + on dipstick), superimposed pre-eclampsia (worsening hypertension with new-onset proteinuria), imminent eclampsia (pre-eclampsia with headache, epigastric pain, nausea, or blurred vision), and eclampsia. Cases classified as OH included primary postpartum hemorrhage (≥500 mL for vaginal or ≥1000 mL for cesarean delivery within 24 hours of delivery), secondary postpartum hemorrhage (bleeding N24 hours after delivery), prepartum hemorrhage due to placenta previa, abruption placenta, and ruptured uterus.
The 97 CQI activities were grouped within three bundles (Personnel [P], Quality-communication [Q] , and Systems-management [S]), and nine sub-bundles (Table 1 ). This categorization was based on the broad goals of the various improvement activities. Implementation of these activities was led by local clinicians with support and mentorship from the external collaborators. The implementation strategy included triannual visits of the external teams, prioritization of improvement activities, data collection, and implementation.
Three assessors (E.K.S., A.J.O., and M.D.O.) independently assigned implementation scores for the 97 improvement processes three times per year. Scores were assigned in quartiles ranging from 0% to 100%, color coded, and displayed in the hospital. Objectives that had numerical outcomes could be assessed quantitatively, but other assessments were subjective and based on the evaluators' in-depth knowledge of the system. To limit subjectivity, disagreements between evaluators were resolved through discussion so that one score for each item was recorded. Mean implementation scores for each improvement activity, sub-bundle, and bundle were calculated in addition to an overall "PQS score" that summarized implementation of the entire change model.
Two counterfactual clinical scenarios were developed as severity adjustments to account for the evolving case-mix over the study period ( Fig. 1 ). We used prevalence and case fatality rate (CFR) data for OH and HDoP to calculate CFR and prevalence for other contributing conditions using the following calculation:
This assumes that the overall CFR of the total number of cases referred or delivered at the hospital is dependent on the sum of causespecific CFR and the prevalence of contributing conditions. In the first counterfactual scenario (CF1), all prevalence rates were held constant at their observed 2006 values and paired with observed values for CFR at each timepoint. In the second counterfactual scenario (CF2), CFR values were held constant at those observed in 2006, but paired with time-specific prevalence values. Because the proportions of the most severe forms of the two complications did not change significantly (e.g. eclampsia consistently contributed to 16%-17% of HDoP), further severity adjustments were unnecessary.
It was hypothesized that change could be due to the implementation of improvement activities and/or staffing. To determine which factors most closely correlated with changes in mortality, an ordinary least squares (OLS) linear regression [11] was performed, including CFR for all deliveries, HDoP, OH, and the remaining mortalities for the observed and counterfactual scenarios versus annual mean CQI activity implementation scores (both individual and combinations). Further, a second set of similarly constructed OLS regressions was performed using staff numbers and ratios by specialty and role (for anesthesia, midwifery, and obstetrics, and all staff combined). To mitigate against type I error, and because six groups were analyzed, a Bonferroni correction was implemented with a more restrictive P value for multiple comparisons of 0.05/6 = 0.0083. To explore potential confounding between CQI activities and staffing, a third set of OLS regressions was performed using the CQI and staffing factors with significant correlation and which were predictive of outcome (i.e. in the same direction as the outcome trend). Every possible combination was analyzed using OLS regression for the four outcomes: all deliveries, OH, HDoP, and CF1. The P value for significance was 0.05/4 = 0.0125 for these analyses.
Results
Maternal mortality at RRH decreased by 22.4% between 2007 and 2011, from 496 to 385 deaths per 100 000 deliveries ( Table 2) Without adjusting for severity, the overall change in maternal mortality was not significant (P = 0.30; two-tailed χ 2 with Yates correction); however, CFRs for the major obstetric complications decreased significantly. The CFR for OH decreased from 14.8% to 1.6% (P b 0.001) and that for HDoP from 3.1% to 1.1% (P = 0.0154) over the study period. Had there been no increase in complicated pregnancies, as depicted in case scenario CF1, maternal mortality would have dropped to 150 per 100 000 deliveries (P b 0.001). Comparing CF2 with the observed maternal mortality ratio (MMR), it is estimated that a total of 245 maternal deaths were averted, including 94 in 2011 alone ( Table 2) . Implementation of CQI activities was monitored over 5 years. By the project's end, 30 items were fully implemented, 33 were implemented by 75%, 12 were implemented by 50%, 16 were implemented by 25%, and six items were not implemented ( Fig. 2; individual implementation scores are shown in Supplementary Material S1). The overall implementation score was 68%. The P bundle had the highest implementation (72%), followed by the Q (68%) and the S (65%) bundles.
A list of significant CQI activities and staffing associated with CFR reductions was compiled (Supplementary Material S1). In general, staffing ratios were not predictive of improvement; however, the number of anesthesia nurses and labor-ward midwives correlated with CFR reductions for both complicated and uncomplicated deliveries.
Two categories from the Framework of Change Model-the S and Q1 bundles-stood out as being significant predictors of improvement in HDoP, OH, and CF1. The S bundle and subgroups Q3, S1, and S2 were all correlated with survival in cases of HDoP. Two of the most significant findings were from individual items Q2-6 (high-risk patients should be referred to the doctor within 30 min of midwife triage) and Q3-3 (host quarterly mortality conference for information dissemination to stakeholders). For OH, mean implementation scores for all CQI activities, the Q, S, and P bundles, as well as all sub-bundles (except P1) were significantly correlated with improved survival. Similarly, the number of prenatal and labor midwives, obstetric house staff, and anesthesia nurses also significantly correlated with improved survival for OH.
Discussion
Evaluating the effectiveness of complex interventions to reduce maternal mortality in low-income countries is challenging. In the absence of randomized control trials, quasi-experimental pre-and post-implementation designs are useful when pre-intervention outcome variables are known. The present analysis found that implementation of a CQI program was accompanied by a 22.4% reduction in maternal mortality from 2007 to 2011. This improvement occurred despite a nearly 50% increase in annual deliveries and five-fold and three-fold increases in the proportion of deliveries complicated by OH and HDoP, respectively.
For referral institutions, the MMR could be an unreliable indicator of performance because of changes in case mix or case severity. This measure alone may overestimate or underestimate the change that actually occurred. To begin with, each institution has a fairly small sample size, making a metric measured on the order of per 100 000 live births highly variable because small changes in the absolute number of deaths could lead to amplified changes in the MMR. Furthermore, increases in the proportion of complicated cases and volume could lead to a worsening of MMR even with an intervention. With the inception of this project, and through information dissemination, RRH became a preferred destination for high-risk referrals. The MMR cannot tell the entire story when a higher proportion of high-risk cases are increasingly referred. When the increase in complicated deliveries was accounted for, the clinical improvements were more impressive: a near 70% maternal mortality reduction over 5 years. Without the CQI program, maternal mortality at RRH could have been 1389 deaths per 100 000 deliveries, consistent with the MMRs of 957-1004 reported concurrently in other regional and teaching hospitals in Ghana [12, 13] . Additionally, the correlation between maternal mortality and CQI implementation supports a role for process-oriented efforts to improve clinical performance. The success of this partnership is consistent with projects in other West African referral hospitals, where focus on best practice implementation, early referral, and externally facilitated training saw greater mortality reductions than in centers without such programs [3] .
With respect to staffing, it is no coincidence that the available numbers of labor midwives and nurse anesthetists were correlated with improvement, because both provide important lifesaving functions [14] [15] [16] [17] . The worsening staffing ratios for many provider groups in this report are concerning. An increasing workload can be detrimental to morale, workplace health, attentiveness, and outcome [18] . One model described that a midwife could conduct an average of 175 births per year and that six midwives would be required for approximately 1000 births [19] . Hospitals providing secondary and tertiary levels of care have, by definition, a larger proportion of women needing such levels of care and require a higher number of midwives per 1000 deliveries. Ghana has a national average of 10.9 midwives per 1000 deliveries; in the Greater Accra Region, where RRH is located, there were 16.3 midwives per 1000 deliveries. Nevertheless, RRH had merely 6.6-7.1 midwives per 1000 deliveries per year, suggesting a misdistribution of midwives in the region. Thus, better staffing ratios could have further contributed to improved care. These results indicate that there is a need for redistribution of midwives on the basis of workload analysis. No similar figure exists for anesthesia or obstetric personnel. Obstetrician input has been shown to reduce cesarean deliveries and improve perinatal outcomes [20] . Indeed, there is a need for obstetrician involvement in the labor ward in response to increasing case-mix complexity and intervention rates. In Ghana, the national target for obstetricians is 455; however, there are only 279 at post, with 40% being in the public sector. Determining optimum staffing ratios is an area warranting further research.
The large number of correlated CQI activities underscores the multifactorial nature of improving survival in a rapidly changing, complex environment complicated by OH and HDoP, and supports the concept put forward in 2006 by The Lancet Maternal Survival Series that no single process change can lead to sustained development unless the entire system improves [21] . Although the goal should be to prevent complications, investment in both process-based solutions and human resources is essential in creating a well-functioning health system capable of averting deaths. Although many activities were found to be important, the S bundle emerged as having the greatest impact on clinical outcome. This is not surprising because it contains activities aimed at addressing delay, shortages of supplies, equipment, and trained personnel, which are all often cited as contributing factors to maternal mortality [22, 23] .
The present analysis has some limitations. First, because no individual-level data were collected, it was impossible to analyze potential clinical confounders. Second, the intervention was aimed at optimizing emergency obstetric care and did not address factors associated with delays in seeking care [24] . Third, data collection for implementation occurred on a triannual basis, but maternal mortality statistics were tabulated annually, which limited the temporal precision of the correlation analysis and could have truncated the number of significant CQI activities. Fourth, correlation cannot prove causation in the present single-center study. Fifth, the structure of the correlation analysis-with 97 CQI activities in nine sub-bundles and three bundles, 10 groups of clinical staff, and six outcomes-presented analytical challenges. The technique for measuring CQI implementation is a science in development, with few studies to date measuring the implementation rates of individual improvement activities [25] . The present study was able to qualitatively assess potential confounding between staffing and CQI activities, but not between the different activities.
In conclusion, this program involved the application of CQI and general institutional care strengthening methodologies to maternity services in a large regional referral hospital in Ghana. An evaluation framework was built, involving the continuous assessment of implementation of predetermined improvement activities, the calculation of outcomes using risk adjustment to determine two counterfactual scenarios, and the application of regression analysis to determine significant factors associated with improved performance. Finally, as the international community strives to match the most effective measures for reducing maternal mortality with the countries that need them, locally driven, comprehensive CQI programs must be considered.
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